Recent studies lend credibility to the notion that lone atrial fibrillation (AF) can cause functional mitral regurgitation (MR), commonly referred to as atrial functional MR (AF-MR). The conventional view holds that left atrial enlargement associated with AF causes annular dilatation which gradually moves the mitral valve leaflets apart resulting in inadequate coaptation and regurgitation. Recent findings, however, suggest that AF-MR is not solely related to left atrial remodeling, but that important structural and functional abnormalities of the left ventricle also play a role in its pathogenesis.
| INTRODUC TI ON
It has become increasingly recognized that lone atrial fibrillation (AF) is an important cause of significant (>2+) functional mitral regurgitation (MR). Significant functional MR in the setting of lone AF was first recognized by Gertz 1 who coined the term atrial functional MR (AF-MR) to describe this disorder. A recent echocardiographic study 2 found that the prevalence of significant AF-MR is 8% in patients with lone AF for 1-10 years and 28% in those with lone AF for >10 years. The selective nature of such studies notwithstanding, it nonetheless appears that the burden of AF-related valve disease is not insignificant, underscoring the need for increased physician awareness of this novel clinical entity.
An understanding of the pathogenesis of AF-MR is crucial to developing effective treatment strategies. The conventional view holds left atrial (LA) enlargement associated with AF causes annular dilatation which gradually moves the leaflets of the mitral valve apart resulting in inadequate coaptation and regurgitation.
Recent findings, however, suggest that AF-MR is not solely related to LA remodeling, but that important structural and functional abnormalities of the left ventricle (LV) also play a role in its pathogenesis.
| ATRI OG ENI C LE AFLE T TE THERING
Atriogenic leaflet tethering, 3 described below, is thought to play a significant role in the pathogenesis of AF-MR. [4] [5] [6] [7] [8] For the LA to enlarge, it is intuitive that it must leave the confines of the LV inlet where it, along with the posterior annulus, rest ( Figure 1 ). It has been suggested that as the enlarging atrium emerges from the LV, the posterior annulus, embedded within it, enlarges in tandem. To leave the ventricle, these structures must mount the crest of the LV inlet. In so doing, the ventricular surface of posterior mitral leaflet (PML) becomes pressed against the LV crest such that its surface area available to participate in coaptation is reduced, resulting in MR. Moreover, as can be seen in Figure 1B , enlargement of the LA displaces the plane of the mitral annulus superiorly. This increases annulo-papillary distance, which tethers the mitral leaflets into the LV cavity. One study 9 found that the severity of tethering in patients with AF-MR is usually mild and characterized by leaflet flattening, that is, a loss of normal LV-facing leaflet concavity (Figure 2 ), 10 as opposed to the classic "seagull sign"
(LA-facing concavity) typically seen with more severe tethering. In addition, several studies 8, 11, 12 have noted that the height of the PML is small in patients with AF-MR. It is here suggested that the PML is more likely normal in length, but because its base adheres to the LV crest, only its mobile distal portion may be taken into account when its length is measured echocardiographically.
| HAMS TRING ING OF THE PML DUE TO PAR ADOXIC AL LV P OS TERI OR WALL MOTION
Additional mechanisms may come into play when LA enlargement is severe. 11, 12 In this instance, the base of the atrium and the posterior annulus may become displaced onto the epicardial surface of the posterobasal segment of the LV, 13 further decreasing the PML surface area available for coaptation. In addition, the mass effect exerted by the enlarged atrium on the basal posterior wall causes it to bend inward toward the LV cavity ( Figures 3 and 4) . This is exaggerated in diastole because pressure in the LA exceeds that in the LV. During systole, however, increased LV pressure makes this segment move paradoxically, that is, away from the LV cavity ( Figure 3 ; Movies S1 and S2). 13 This increases the tension exerted on the PML from above, while the contracting PMs increase PML tension from below, such that the leaflet becomes hamstrung (immobilized), further increasing MR.
F I G U R E 1 A, Note that the LA and posterior mitral annulus rest within the mouth of the LV inlet. The posterior annulus is related to the LA internally and to the crest of the LV inlet externally. The mitral leaflets normally rest in the plane of the mitral annulus. B, With atriogenic leaflet tethering, the posterior pole of the mitral annulus (P) becomes displaced by mounting the crest of the LV inlet. As a result, the ventricular surface of the PML becomes pressed against crest of the LV inlet and is no longer able to coapt effectively with the AML. At the same time, the plane of the mitral annulus (dashed line) becomes displaced superiorly (small arrows). This increases annulo-papillary distance such that the mitral leaflets become tethered into the LV cavity. A-anterior pole of the mitral annulus 
| AB NORMAL ANNULO -PAPILL ARY BAL AN CE DUE TO IMPAIRED LV LONG -A XIS FUN C TION
Reversible LV systolic dysfunction is a well-described phenomenon in patients with AF (AF-tachymyopathy) which is thought to be caused by a rapid and irregular heart rate. 14 
| REDUCED MITR AL ANN UL AR CONTR AC TILIT Y DUE TO AB NORMAL LV CIRCUMFERENTIAL MECHANIC S
Mitral annular contraction plays a critical role in coaptation by bringing the free margins of the mitral leaflets into apposition. This press them together forming a competent overlapping zone of coaptation. 18 The fibrous mitral annulus has no intrinsic contractility. Its sphincter-like "contraction" is brought about by shortening of the atrial and ventricular muscle to which it is attached. 18 Hence, the mitral annulus contracts along with the LA in late diastole and together with the LV during systole. Animal studies 20 suggest that loss of the atrial contribution to annular contraction, as occurs with AF, produces only a minor amount of MR. The decrease in systolic annular contraction seen in patients with lone AF has, however, been shown to be an independent determinant of significant MR, although its mechanism is not known. 8 It is here suggested that this is related to abnormal basal LV helical fiber function. Evidence supporting this hypothesis comes from data showing that patients with lone AF demonstrate reductions in LV basal circumferential strain and basal twist. 15, 21 Additional research will, however, be needed to substantiate this.
| LE AFLE T ADAP TATI ON IN AF-MR : ENDOTHELIAL-ME S EN CHYMAL TR ANS FORMATION
Recent work 9 has suggested that the mitral leaflets in patients with AF-MR, similar to ischemic MR, 22 undergo an adaptive increase in size which reduces the severity of valvular insufficiency. 9, 23 New leaflet growth is triggered by a complex signaling cascade that promotes interstitial cellularity and ground substance synthesis, a process called endothelial-mesenchymal transformation (EMT). 24 It is interesting to note that EMT-mediated valvulogenesis in the adult represents a recapitulation of leaflet development in the embryonic endocardial cushions. 25 Recent work has shown that individuals with inadequate EMTinduced adaptive leaflet growth develop more severe MR than those in whom this process is more robust (Figure 6 ). 23 It is, however, important to note that while the fibroproliferative effect of EMT may reduce MR, it eventually becomes maladaptive due to the development of "runaway" leaflet fibrosis and stiffening which limit the adequacy of coaptation. 26 
| ECHO C ARD I OG R APHI C FE ATURE S OF A F -M R
Patients with lone AF typically have bi-atrial enlargement as well as enlarged mitral and tricuspid annuli; concomitant significant (≥2+)
AF-MR and AF-tricuspid regurgitation is, however, rare. occur. 13 LV size and ejection fraction are normal. Finally, while LV hypertrophy is, by definition, absent in AF-MR (lone AF), many studies, 27 including a number cited herein, 1, 2, 4, 8, 9, 11, 23, 28, 29 fail to exclude subjects with this abnormality.
Patients with AF-MR may develop thickened mitral leaflets secondary to EMT. 9 As was noted, the mitral leaflets usually rest in the plane of the annulus 28 or are slightly tethered into the LV cavity. 9 In such instances, the resulting MR jet is usually centrally directed ( Figure 2 ). In contrast, PML restriction due to atriogenic leaflet tethering/hamstringing usually causes MR that is posteriorly directed 8, 11, 30 (Figure 4 ). Last, it should be noted that regurgitant jets associated with AF-MR elongate along the line of valve closure, appearing elliptical when viewed in short axis. 28 Importantly, this may result in underestimation of the effective regurgitant orifice area because a hemispheric proximal convergence zone cannot be assumed in this circumstance. 31 This should be taken into account in patients in whom surgical intervention is contemplated. One small series did, however, show a reduction in MR grade and decreased LA size at mid-term follow-up. 8 In patients with marked atriogenic leaflet tethering and a "small" PML, leaflet augmentation may serve as a useful adjunct to ring annuloplasty. 12, 30 As noted above, adaptive leaflet growth from EMT is self-limited due to the inevitable development of fibrosis. Modulation of EMT in animal models using angiotensin II receptor blockers (which inhibit EMT by blocking transforming growth factor-β) has, however, been shown to attenuate leaflet fibrosis without retarding adaptive growth. 26 Such pharmacologic manipulations could prove useful in the treatment of AF-MR and may eventually obviate the need for surgical intervention.
| TRE ATMENT OF AF-MR

| CON CLUS ION
Lone AF is an important and novel cause of functional MR. Continued research efforts to delineate its mechanics, patho anatomy, and molecular and cellular basis remain crucial to developing effective treatment strategies.
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